Abstract -Babesia, the causal agent of babesiosis, are tick-borne apicomplexan protozoa. True babesiae (Babesia genus sensu stricto) are biologically characterized by direct development in erythrocytes and by transovarial transmission in the tick. A large number of true Babesia species have been described in various vertebrate and tick hosts. This review presents the genus then discusses specific adaptations of Babesia spp. to their hosts to achieve efficient transmission. The main adaptations lead to long-lasting interactions which result in the induction of two reservoirs: in the vertebrate host during low long-term parasitemia and throughout the life cycle of the tick host as a result of transovarial and transstadial transmission. The molecular bases of these adaptations in vertebrate hosts are partially known but few of the tick-host interaction mechanisms have been elucidated.
INTRODUCTION
Babesiosis is a worldwide tick-borne hemoprotozoosis affecting many mammalian species and caused by intraerythrocytic multiplication of apicomplexans in the Babesia genus. The evolutionary success of this parasite is attested by the large number of species described (more than 100 [62] , with numerous species probably remaining to be discovered and/or described). It can be compared with the radiation of Plasmodium with which it shares phylogenetic proximity and numerous biological features. Both parasites are vector-borne protozoa transmitted by an arthropod, their life cycle including asexual multiplication in vertebrate blood cells, sexual reproduction in the vector and the production of sporozoites in the salivary glands of the vector. Babesia can thus be considered as a hemoprotozoan genus that is specifically adapted to using ticks as vectors (and not Diptera as in Plasmodium) [80] .
Babesia and its two hosts, the tick vector and vertebrate host, represent a complex system in which the interactions between the three partners are among the longest described. First, the intimate contact between the tick and its host, i.e. the tick bite, lasts from 2 days to about 2 weeks, depending on the stage (larva, nymph or adult female) and species of the tick, thereby allowing an extended molecular dialogue between the tick and vertebrate host. In contrast, with mosquitoes or fleas, this contact lasts only a few seconds. After being introduced in a sporozoite form, mixed with tick salivary components, babesiae may then persist asymptomatically within its host for several years. Maintenance and persistence within the tick vector is ensured by transovarial and transstadial transmission sometimes over several tick generations, depending on the developmental duration and length of questing periods of the tick. All these features affect babesia transmission and are dependent on the adaptive strategies of all three partners.
This review starts with a brief presentation of the biology of babesiae, then focuses on the adaptive strategies shown by the Babesia genus in both vertebrate hosts and vectors. To date only a few genes are clearly known to be involved in babesia/tick or babesia/vertebrate interactions (unlike other vector-borne disease pathogens such as Plasmodium falciparum or Borrelia burgdorferi), so this review will concentrate on the specificities of the Babesia genus (notably its transovarian transmission) and their consequences on parasite transmission, evolution of the system and disease epidemiology. The Babesia genus belongs to the Apicomplexa phylum, an early-branching eukaryotic lineage, characterized by the presence of an apical complex and a unique cytoskeleton distinct from that of other eukaryotes [49] . Although complete genomes of Apicomplexa belonging to different genera are already available (i.e. Plasmodium, Theileria, Babesia. . .), the phylogenetic relationships between the different vector-borne Apicomplexan groups are poorly documented [67] . This lack of knowledge hinders our understanding of the evolution of these parasites, which exploit both vertebrate blood cells and arthropod vectors. The key genes involved in particular in biological aspects of these parasites could be identified from comparison of genomes of closely related Apicomplexa with different biological features.
Specificities of the Babesia genus
Since the discovery of the genus at the end of the 19 th century, many different species associated with various domestic and wild animals have been described, and the tick species acting as a vector has been identified for the main Babesia species of domestic animals. Description and classification of Babesia spp. (and their distinction from the closely related Theileria) were initially based on morphological characteristics, notably the pattern of merozoite assembly in red blood cells. The two genera were defined according to the sites of multiplication in the vertebrate host and transmission modes within the tick host. Babesiae only multiply in the erythrocytes of the vertebrate host and are transovarially transmitted in the vector host. Thus, the Babesia genus clearly differs from Theileria which first multiplies in the lymphocytes and then the erythrocytes and is not transovarially transmitted within the tick. This restriction excludes ipso facto some species previously known as Babesia equi and Babesia microti from the Babesia genus. This restriction has been confirmed by molecular data and a monophyletic status has been conferred to Babesia spp. [6, 31-33, 107, 120] which develop in a wide range of vertebrate hosts (mostly mammals, but also birds [93] ) and tick hosts (mostly hard ticks but also soft ticks [30] ).
New Babesia species and taxonomic revisions
This progress in Babesia spp. identification, has led to the recognition of new cryptic/sibling species. For example B. canis, the babesia associated with the dog, was previously described as a single species. It has now been split into at least three distinct species or sub-species based on molecular and biological data. B. c. canis, B. c. rossi, B. c. vogeli have different tick hosts i.e. Dermacentor reticulatus, Haemaphysalis leachi and Rhipicephalus sanguineus respectively, leading to different epidemiological patterns [12, 26, 120, 126] .
New Babesia species are also being isolated from either vertebrate or vector hosts. The former include some zoonotic Babesia (B. venatorum n. sp. i.e. Babesia sp. EU1 [57] , B. sp. MO-1 [60] and the latter B. China BQ1 [54, 72] . Furthermore, many Babesia species were described long ago but biological data, notably identification of the vector, and molecular data are lacking for their formal characterization (reviewed by Penzhorn [94] and Uilenberg [120] for wild and domesticated animals respectively).
2.4. Babesia spp. life cycle (Fig. 1) 
Development in vertebrate hosts
Vertebrate hosts are infected by the injection of sporozoites with saliva during the tick bite. In contrast to Plasmodium spp. or Theileria spp., Babesia spp. sporozoites penetrate directly into the red blood cells and all the parasitic stages develop in red blood cells. The parasite produces two merozoites by binary fission. After erythrocyte lysis, each merozoite invades a new erythrocyte and successive merogonies occur. Multiplication is asynchronous and various divisional stages of the parasite can be seen in the bloodstream at the same time. The size and location of the merozoites depend on both babesia and the host species. Babesia spp. are divided into two groups with (1) large babesiae (B. bigemina, B. canis, B. major, B. motasi. . .) in which the merozoites are longer than the erythrocyte radius and (2) small babesiae (B. bovis, B. divergens, B. gibsoni, B. ovis. . .) in which the merozoites are smaller than the erythrocyte radius. This division into small and large babesiae, based on morphologic characteristics, has no clear genetic basis. Moreover, intraspecific phenotypic variability, with different parasite sizes or forms in bovine, gerbil or human blood cells, has been described for B. divergens [50] .
Development in the tick host
When babesia-infected erythrocytes are ingested by ticks, most of the parasites degenerate and are destroyed. However, some specific stages of the parasite (''pre-gametocytes'') survive and undergo further development (see review by Mehlhorn and Schein [81] ) to evolve into gametocytes. These cannot be distinguished by light microscopy, but some differences are apparent under examination by transmission electron microscopy [103] . A few hours after ingestion, elongated bodies, with arrowheadshaped ray appear. These bodies, believed to be gamonts, are the so-called ''strahlenkörper'' (''ray bodies'').
The gametes fuse in the lumen of the tick's digestive tract to form an elongated zygote 8 to 10 lm in length bearing a spike-like arrowhead organelle, which facilitates cell penetration. Once across, the arrowhead touches the midgut cell membrane, which invaginates around this organelle at the point of contact. No parasitophorous membrane is produced and the midgut cell membrane appears to be lysed at the point of entry, apparently due to the action of enzyme released from a coiled structure in the invading parasite [82] . The function of the arrowhead appears to be very similar to that of rhoptries and micronemes in other protozoan parasites [104] . Once the babesia zygote has been internalized, the arrowhead organelle disintegrates and the zygote is then transformed into a motile stage, termed the ookinete. Meiosis, which indicates the beginning of sporogony in the Apicomplexa life cycle, probably occurs at this stage because the ookinete appears to be haploid [87] . The ookinete escapes from the midgut epithelium and invades the tick's body tissues. Invasion of the ovary in female ticks results in many babesia-infected eggs (transovarial transmission). Subsequent development of babesia includes asexual multiplication, continuing sporogony, and the development of numerous kinetes (sporokinetes). Sporogony takes place at each tick stage and the babesia infection acquired during one life stage is passed on to the next (transtadial transmission). Some kinetes also invade the salivary glands of ticks, where a final cycle of development produces the sporozoites. Sporozoites represent the infectious stage of the parasite as they introduce these protozoa into the mammalian host. A common feature of vector-transmitted Apicomplexan parasites is the existence of specific cellular stages involved in their transmission between vertebrate host and vector, namely the gametocyte (vertebrate to vector transmission) and the sporozoite (vector to vertebrate transmission). These stages are poorly characterized for Babesia species, and transmission studies (efficiency, rate, conditions of induction of transmissible stages, differential gene expression) are thwarted by the lack of knowledge of parasite development, the frequently insufficient amount of parasite material produced, and the absence of known specific markers.
Gametocyte
Babesia parasites share many characteristics with other Apicomplexa such as Plasmodium. One difference between the two hemoparasites is that babesiae do not produce completely differentiated gametocytes in the vertebrate. Five differentiation stages have been described in Plasmodium, the first being indistinguishable from the small trophozoites under light microscopy [115] . It is not known whether sexual differentiation in babesiae begins in the vertebrate host, with indistinguishable gametocytes, or only in the tick. Subsequent gametocyte differentiation is linked to the presence of induction factors in ticks and specific interactions between the two organisms. The sequential development of the tick-parasite stages was demonstrated when gut material from engorged female Rhipicephalus microplus was added to cultured B. bigemina, or when culture conditions (temperature, gas) were changed [51, 87] . Thus, temperature and some ''factors'' present in midgut extracts from engorged ticks, but not in the bovine erythrocytes used for culture, seem to be required. However, none of these factors has been identified to date. One hypothesis is that the earlier gametocyte differentiation observed in Plasmodium spp. is specifically adapted to the life cycle of the dipteran vector in which only the adult stages are hematophagous. Plasmodium has to complete its entire lifecycle (sexual reproduction, production of sporozoites and migration to the salivary glands) rapidly within the adult stage of the vector in order to be inoculated into another vertebrate host. For Babesia spp. (and other tick-borne protozoa such as Theileria spp.), a single blood-meal is taken at each tick stage. The acquisition of transstadial transmission is a key adaptation of babesia to its vector.
Sporozoite
Kinetes are present in the salivary glands before or after tick attachment to its host. They differentiate within the salivary gland acini into polymorphic sporonts 60 to 300 lm in diameter, with finger-like peripheric protrusions from which sporozoite formation is initiated. About five days after attachment, each large host cell may contain thousands of differentiated pyriform sporozoites with a broad apical pole showing organelles (rhoptries and micronemes) typical of the apical complex [81] . Similar developmental features have been described for B. occultans, B. ovata, B. gibsoni, B. ovis, B. bigemina, B. bovis and B. canis [13, 58, 59, 84, 87, 96, 105] . In the case of B. canis, no sporonts have been identified and the formation of typical pyriform sporozoites apparently resulted from successive binary fission of the kinetes [105] .
Sporozoite differentiation only begins when the tick attaches to its vertebrate host. Temperature increase is involved in B. bovis and B. bigemina differentiation [37] , but various factors may also be associated with the start of the blood meal, notably hypertrophy and increased metabolic and synthetic activities within the salivary glands.
Host specificity:
meeting the susceptible host
Babesiae host specificity
With regards to the vector host, Babesia spp. specificity is usually restricted to a single tick species in a particular geographic area. Babesia spp. specificity for the vertebrate host was initially described as restricted. However, following the development of molecular tools, some Babesia species have been shown to have a wider vertebrate host range than previously thought. For example, B. bovis and B. bigemina, initially described as pathogens of cattle in tropical and sub-tropical areas, were both recently identified by specific serology and PCR in white-tailed deer (Odocoileus virginianus) in northern Mexico [24] . B. divergens is another parasite of cattle in temperate climates. However, it is also able to infect splenectomized humans [24] , primates (chimpanzees and rhesus monkeys) [44] , ungulates (roe deer, fallow deer, red deer, mouflon and sheep) [25, 40] , and rodents (rat) [95] as well as non-splenectomized reindeer [88] , sheep [77] and gerbils [69] .
Tick host specificity
Two groups of ticks can be distinguished in relation to their feeding preference: most ticks, like Rhipicephalus (Boophilus) microplus, the vector of B. bigemina and B. bovis (which feed on cattle and other ruminants) are host-specific or specialist. A minority, which includes Ixodes ricinus, vector of B. divergens, B. venatorum and probably B. capreoli, is relatively unselective opportunistic or generalist parasites and utilize a wide range of vertebrates as hosts.
Influence of host specificities on transmission efficiency and parasite evolution
The probability of transmission of a Babesia spp. isolate to its specific vertebrate host is increased if the tick species shows restricted specificity. Subsequent evolution of the geographical distribution of the Babesia species will be highly correlated with tick species distribution. Evidence of modifications in tick-borne disease distributions has been demonstrated, in the context of global change [100] , and explained by changes in tick distribution, tick population dynamics and tick-vertebrate host contact. Tick expansion could easily be followed by babesia expansion, as observed for B. canis canis, transmitted by D. reticulatus in Hungary [111] . In general, both reservoirs of the Babesia species, namely the tick and vertebrate host species, need to be present in the new habitat to allow Babesia species expansion.
In contrast, a wider host range for both tick and Babesia species, will facilitate transmission to new hosts, together with subsequent adaptation and potential evolution towards new species. Babesia spp. merozoites are able to invade erythrocytes from a wide range of animal species and sometimes replicate in vitro, [42, 127] , thus providing possibilities for these parasites to adapt and develop to new hosts. For example, considerable diversity was observed in the ability of sheep erythrocytes to permit growth of B. divergens in vitro, ranging from refractoriness to full susceptibility. Experimental infection of sheep with refractory erythrocytes failed, whereas a long-term chronic infection (up to two years) was observed in vivo with fully susceptible erythrocytes [77] .
Generalist ticks will be more efficient in presenting Babesia spp. isolates to ''new'' potential hosts. A striking feature of B. bovis, B. bigemina and B. divergens, which express less host specificity than most Babesia species, is the ubiquity of the transmitting vectors (R. microplus and R. annulatus for both B. bovis and B. bigemina, and I. ricinus for B. divergens) which feed on an extremely wide range of vertebrate hosts. The genetic similarity of some ruminant Babesia species, such as B. divergens and B. capreoli carried by the same tick species, might also be due to their recent divergence.
If the length of the babesia life cycle is considered as the delay between two successive zygotes which are produced in the tick host, the probability of efficient sporozoite transmission will be influenced by the specificity of the tick. If this specificity is restricted, the babesia sporozoite will encounter a suitable host with each tick bite. If a babesia-infected generalist tick feeds on a non-receptive babesia-host, efficient sporozoite transmission will be delayed until the next stage or generation of the tick. This phenomenon will be amplified by tick biology and the generation time in monophasic ticks, which complete their life cycle in a few weeks, will be particularly short. In contrast, the generation time of babesia transmitted by a generalist tick, such as I. ricinus, which takes one to several years to complete its life cycle, will be up to 50 times longer. Since genetic recombination in babesia only occurs during sexual reproduction, these discrepancies in the life cycle length between Babesia species must be taken into account in any comparative analysis of gene evolution. The tick injection of babesia sporozoites and subsequent cycles of intraerythrocytic replication of the merozoites will induce a reaction from the host immune system. Even with the primary infection, the clinical expression of babesiosis is highly linked to the status of the individual animal (breed, age). Some breeds of dogs (Beagle, Fox terrier, Porcelain, Dachshund, mongrels) are more resistant to B. canis than others (Spaniel, Cocker spaniel, Griffon, Yorkshire terrier, Doberman, Pekinese) [79] . Three different phenotypes have been described in the Bos taurus/B. bovis system: ''susceptible'' animals with severe clinical signs which may lead to death, ''intermediate'' animals with mild clinical signs and ''resistant'' animals with no clinical signs [10] . These differential effects of babesia infection, depending on the species, breed or individual of the vertebrate host, demonstrate the genetic basis of resistance to babesiae.
An inverse relationship, between age and resistance to babesiae, has been reported with young animals being more resistant than adults.
This phenomenon was observed in calves infected with B. divergens, B. bovis and B. bigemina [29, 66, 117] and in gerbils infected with B. divergens [65] but not in dogs infected with B. canis [78, 122] . In the case of B. divergens, inverse age resistance only leads to differential clinical expression between young and old cattle but does not prevent the establishment of a persistent infection. The mechanisms underlying this inverse age resistance remain unknown but seem to be due to differences in localisation and timing of the immune mechanisms (reviewed by Zintl et al. [129] ).
Premune immunity
Resistance to re-infection, acquired as a result of the continuous presence of the parasite, is known as ''premune immunity'' or premunity. During infection of cattle with B. bovis, B. bigemina or B. divergens [5, 36, 61, 75] , of sheep (splenectomized or intact) with B. divergens [28, 77] or with B. ovis [55] , and of dogs with B. canis or B. gibsoni [15, 16, 78, 122] , the parasite can persist for several months, even several years, at a very low level of parasitemia. Sterilizing immunity has been demonstrated in dogs infected with B. canis, but only occurs in some individuals and asymptomatic carriers with premune immunity may be present in dog populations [16, 122] Babesiae appear to be particularly well adapted to long-term persistence in the environment by using the vertebrate host as a reservoir. Acute development or parasite clearance from the blood stream could be interpreted as a sign of mal-adaptation between the Babesia species and its vertebrate hosts, as observed for gerbil infection with B. divergens [128] . Even in the natural well-adapted host, a delayed, unsuitable or insufficient immune response could lead to clinical manifestations of babesiosis and eventually to death of the infected host, which would then have a detrimental outcome on parasite transmission.
However, transmission to ticks at a low level of parasitemia must be the prevalent modality of babesia transmission in the field, given the longterm maintenance of the parasite in a biotope and generally asymptomatic carriage. The establishment of low and long-lasting parasitemia presents many advantages for babesia. Notably, it increases the duration of the transmission period and thus the chance of being acquired by the tick. In the case of B. bovis, the infection rates of the larval progeny did not differ significantly whether the females were engorged during acute or persistent infections of calves [61] . Furthermore, with B. ovis, low parasitemia has been observed to save the tick from deleterious effects, which occur when large numbers of parasites are acquired during the blood meal, [123] and thus indirectly improves transmission by preserving vector fitness.
Persistence in the tick
The transovarial and transstadial transmission exhibited by babesiae can be considered as a major adaptation. The fact that babesiae persist in all tick stages, means that both vertebrates and ticks serve as parasite reservoirs in the field thereby facilitating the long-term persistence of Babesia species in the ecosystem. In Plasmodium, the parasite is associated solely with the blood-feeding stage of the vector (i.e. adult insects) which may have several blood meals during this stage. In contrast, transstadial transmission can be considered as a specific adaptation to the tick life cycle, which involves only one blood meal per tick stage (i.e. larva, nymph and adult), by allowing parasite transmission during each of those stages. Transstadial transmission is observed in most tick-borne pathogens (Borrelia burgdorferi, Anaplasma phagocytophilum. . .), whereas transovarial transmission is more rarely observed in tick-transmitted pathogens and is a characteristic of the Babesia genus as compared with Theileria. It can be hypothesized that this transovarial transmission permits completion of the parasite's entire life cycle (longer than that of bacteria, notably due to sexual reproduction). In the field, when only the adult tick host feeds on a suitable babesia-host, transovarial transmission will increase transmission efficiency. It can also be considered as a major adaptation for long-lasting persistence, because some ticks remain infected and infective for several generations without needing to again feed on infected animals [39, 64, 125] .
On account of this transovarial transmission, Babesia spp. can be considered as verticallytransmitted parasites. Theoretical considerations of virulence evolution [71] suggest that such parasites should evolve towards lower virulence to their hosts (both mammals and ticks in the present case), compared to a parasite with pure horizontal transmission. It would be interesting to compare the effects, on their vectors, of phylogenetically closely-related species that differ in their mode of transmission (e.g. Theileria and Babesia). Immune mechanisms are directed against erythrocytes infected with B. bovis or against free merozoïtes (Fig. 2) . The role of the cellular response in protection against the parasite is demonstrated by the high susceptibility of splenectomized animals to babesia infection. Furthermore, immune responses led to the appearance of intracellular ''crisis'' forms [23, 53] . The development of these degenerating parasites seems to be caused more by the cellular immune responses than by the humoral immune responses [129] . During acute infection with B. bovis, the innate immune response seems to be essential and requires the production of interleukin-12 (IL12) and interleukin-18 (IL18). These stimulate natural killer (NK) cells to produce high levels of gamma interferon (IFNc) [43, 48, 108] , which induce the production of nitric oxide (NO) by the macrophages [48] . During chronic infection, lysis of the infected red blood cells (iRBC) is also mainly mediated by the NO produced by splenic macrophages activated by IFNc and Tumor Necrosis Factor alpha (TNFa). This mechanism is then regulated by type 1 cytokines and is inhibited by interleukin-4 (IL4) and interleukin-10 (IL10) [46, 47] . The humoral immune response does not permit parasite clearance but several mechanisms help to control parasitemia [20] : antibody-dependent cellular cytotoxicity (ADCC) mediated by IgG1, described in vitro by Goff et al. [45] , opsonization mediated by IgG2, neutralization of adherence of the free merozoïtes to RBC and of the cytoadherence of iRBC to endothelial cells [21] , and activation of complement mediated by IgG1 and IgG2 [19] .
The evolution of acute infection depends on the timing and location of production of the inflammatory and type 1 cytokines and on the quantities produced. A comparison of the immune response of calves and adult cattle against B. bovis showed that the innate response is only protective if the IFNc and IL12 are produced early on, before IL10 production. When IL10, IL12 and IFNc are produced at the same time, the type 1 response and the production of NO in the spleen are delayed or decreased, which allows disease expression [46] . On the contrary, during chronic infection, low level persistence of the parasite requires activation of the adaptive immune response: Th0 or Th1 lymphocytes activate the production of IgG, particularly the opsonizing IgG2 and iRBC lysis mechanisms mediated by macrophages and NO [20] .
In B. ovis, B. divergens, B. canis or B. gibsoni only the humoral immune response has been studied, the production of antibodies beginning approximately 7 days after infection and persisting for several months [16, 55, 90, 116] . Antibodies do not seem to permit the clearance of B. bovis [9, 16, 55, 70] and antibody production is associated with asymptomatic carrying of B. divergens [76] .
Molecular and cellular escape strategies
Babesia species have developed strategies to avoid or limit effects of the immune response which enable them to persist inside the vertebrate host, and thus to increase their likelihood of being transmitted.
Modulation of the immune response
This persistence may result from a modulation of the host immune response. Lymphocyte blastogenesis and antibody production is depressed in dogs infected with B. gibsoni [1] and the specific immune response against R. microplus or Foot and mouth disease vaccine is decreased in B. bovis infected animals [22, 101] . B. bovis is also able to directly stimulate some components of the immune system, leading to the production of NO, IL12 and TNFa by macrophages [113] or the proliferation of lymphocyte B induced by the DNA and the CpG oligonucleotide [18, 109] . Although it might seem surprising that B. bovis stimulates an immune response which is finally fatal for it, some host immune mechanisms and parasite evasion mechanisms in fact help to develop the clinical expression of babesiosis. In B. bovis, these include the production of high levels of inflammatory cytokines, cytoadherence responsible for vascular disturbances (vasodilatation, low blood pressure, increased vascular permeability) and blood stasis in the microvessels. Highly pathogenic effects will be unfavorable to both babesia and its host. Similarly, the observed inverse age-related resistance in B. divergens infection is explained by Zintl et al. [129] as resulting from early NO production in the spleen of naïve young animals, which protects them from clinical disease. In contrast, naïve adults express a delayed systemic inflammatory response and are much more susceptible to disease. Infection can thus occur in young individuals of the vertebrate host without apparent damage.
VESA: Antigenic variation and cytoadherence
The ability of some Babesia species to adhere to endothelial cells, leading to sequestration of iRBC in the microvasculature, has been demonstrated [35, 89, 106] . This enables the babesia to persist within the host by preventing the passage of iRBC in the spleen and thus their clearance from the blood stream. This adhesive mechanism, by retaining the iRBC in the microvessels, could improve parasite transmission when the densest parasite population is close to the tick bite sites.
Cytoadherence in B. bovis is mediated by Variant Erythrocyte Surface Antigen 1 (VESA1), a heterodimeric protein exported to the surface of the infected host erythrocyte and implying prolonged contact with the host immune system. The parasite has thus developed a strategy to protect its adhesive function from immune interference, notably by preserving cytoadhesion even when antibodies are produced, in the form of antigenic variation [2, 4, 34] . VESA1 is encoded by the multigenic ves family [3] , which includes about 150 ves genes distributed in clusters of two or more genes throughout all four B. bovis chromosomes [17] . Antigenic variation occurs through segmental gene conversion between areas of conserved stretches of nucleotide identity and allows rapid variation of the exposed epitopes within the initial parasite population.
Antigenic polymorphism
Babesia parasites cause disease when the host immune defenses are overcome by invasion and replication of merozoites within the host erythrocytes. Intraerythrocytic babesiae are partially protected from the host immune response, whereas free merozoites are fully exposed, if only for a short time. The merozoite surface is coated with glycosyl phosphatidyl anchored proteins that are involved in initial attachment to the host erythrocyte surface and are immunodominant targets for host-protective antibodies. They differ strikingly from one species to another, and also exhibit a high degree of intra-species antigenic polymorphism. These surface-exposed proteins have been studied mainly in B. divergens and B. bovis [25, 124] . The extent of B. divergens surface-coating protein Bd 37 polymorphism was evidenced by PCR-RFLP and five clades have been described [56] . Sequencing revealed an overall sequence identity ranging from 54 to 88% and different surface-exposed epitopes between isolates [97] . In B. bovis, Variable Merozoite Surface Antigen (VMSA) is a multigene family consisting of five members located at two different genomic loci: msa-1 and msa-2 [41, 114] . The overall sequence divergence for Merozoite Surface Antigen (MSA)-1 is the greatest, with identities ranging from 19 to 99%, compared to 64 to 100% for MSA-2a/b and 85 to 100% for MSA-2c [11, 68] . Analysis of the MSA molecules of vaccine breakthrough isolates revealed extensive sequence variations depending on the vaccine strain used, which resulted in a complete lack of immunologic cross-reactivity for MSA-1 [68] . This surface polymorphism allows the parasite to evade the host immune system at the population level. Because Babesia spp. exploit several tick tissues during the life cycle stages spent within this vector (notably epithelium cells of the digestive tract, salivary glands, or oocytes, and also tick nutrients for their growth and multiplication), these parasites must have a negative effect on tick fitness [27, 38, 52, 91] . Although low parasitemia in the vertebrate host may limit the pathogenic effect of these protozoa [123] , the induction of an adequate defense response against babesiae could actually be advantageous to them by preventing excessive effects on tick development and thus facilitating babesia transmission.
Ticks have probably evolved several defense mechanisms to control babesiae during their long-lasting and intimate interactions with these parasites. In the Plasmodium/diptera system, a genetic origin of refractoriness to Plasmodium (failure of ookinetes to develop into oocysts in mosquito midgut) has already been identified in Anopheles gambiae populations [83] . Although studies are in progress on the innate immunity of insects, little information is available for acari. This gap in our knowledge may rapidly be filled by recent developments in acarus genomics [92] .
Two molecules, involved in tick defense against babesiae and theileiriae have been formally described in Haemaphysalis longicornis: longicine [118] and longipain [119] .
Longicine is an antimicrobial peptide produced in the tick midgut epithelium, which suggests that it is secreted into the lumen. It was demonstrated in vitro, that longicine adheres specifically to the membrane of the Theileria equi merozoite, inhibits proliferation and kills parasites. In vivo, the peptide cleared B. microti infection in the mouse and RNA interference data demonstrated that endogenous longicine is able to directly kill B. gibsoni in H. longicornis. Anti-microbial peptides have been largely described in Ixodidae and I. ricinus defensin is strongly induced in the midgut after Borrelia infection [102] . This defense mechanism is likely to be involved in other babesia-tick systems.
Longipain is a cathepsin B protease. It belongs to a network of aspartic and cysteine proteases that are conserved in a wide range of parasites, including nematodes, flatworms and ticks and involved in blood meal digestion [110] . This cathepsin protease system differs from that of insects which are based on serine proteases. Longipain is expressed in the tick midgut epithelium during the blood meal and is possibly released into the lumen. Longipain is able to kill babesia merozoites in vitro by specific adherence to the parasite membranes, but this parasitic stage does not naturally develop in ticks. Even if there is no evidence of activity on babesia gametocytes, RNA interference data demonstrated that longipainknockdown H. longicornis showed a 3-fold increase in its ability to transmit B. gibsoni.
The expression of proteins in the midgut and ovaries of R. microplus, fed either on healthy or B. bovis infected calves, were investigated and compared in two proteomic studies [98, 99] . A total of 16 and 19 proteins which are upor down-regulated during babesia infection have been described in the midgut and ovaries respectively. No data are available on the positive or negative effects of these molecules on babesia development but this protein database could be an important tool in further studies.
Of the different factors permitting parasite development in its vector (i.e. factors inducing sexual development, receptors and/or factors allowing crossing of the midgut, ovary or salivary gland barriers. . .), only one tick molecule has as yet been identified. The H. longicornis vitellogenin receptor is a 197 kDa protein expressed on the oocyte plasma membrane during ovary development. RNA interference studies have demonstrated the critical role of this protein in transovarial transmission of B. gibsoni [8] . The lack of data on this subject is partly due to the difficulties encountered in experimental reproduction of the babesia life cycle. The recent artificial infection of ticks with babesia culture in vitro [14] as well as the use of experimental vector hosts, like soft ticks [7] , may provide a powerful tool in future studies.
Adaptation of babesiae to transmission by ticks
The mechanisms of babesia development in the tick remain largely unknown. For example, true gametocytes have not been conclusively identified in the life cycle of any Babesia species and indirect evidence that sexual reproduction does occur has been obtained only for B. divergens [73] , B. bigemina and B. canis [74] . Furthermore, our knowledge of babesia gene expression in the tick is extremely limited. The only study concerned B. bovis sporozoites, which are produced in huge numbers inside the salivary glands and thus are more easily purified from tick extracts. It is hypothesized that since sporozoites share the same target cell as merozoites, they would use the same proteins to invade the erythrocyte. The presence of MSA-1, MSA-2, and the Rhoptry-AssociatedProtein 1 (RAP-1) in sporozoites as well as their involvement in erythrocyte attachment and invasion were confirmed [85, 86] . The modulation of host defense by tick saliva is known to facilitate the transmission of bacteria like Borrelia (see [117b] ). Tick saliva contains several active components which facilitate the long feeding stage of the tick on the vertebrate host (reviewed by Steen et al. [112] ). Functional assays in vitro suggest that some of these components may also interact with the anti-babesia response. Indeed, factors from Amblyomma americanum and H. longicornis that inhibit macrophage migration were also shown to inhibit the migration of human monocytes and might decrease macrophage infiltration of the tick bite lesion [63, 121] . Moreover, a 15 kDa protein from Ixodes scapularis, exhibiting some sequence similarity with transforming growth factor, can modulate the pathway of IL2 transcription by T-cells and a serine protease inhibitor (Iris) from I. ricinus is able to decrease cytokine production by leukocytes. Further studies are needed to explore the role of the tick saliva in the establishment of babesia in the vertebrate host.
CONCLUSION
Adaptive strategies of Babesia spp. to transmission by ticks have led to long-lasting interactions between Babesia spp. and its hosts. Chronic low parasitemia in the vertebrate host and transovarial and transstadial transmission in the tick host results in a dynamic equilibrium in the babesia-host interactions which enables each partner to survive at the lowest possible cost. This ensures optimal fitness for the entire system and allows the long-term persistence of Babesia spp. in the ecosystem, since both its hosts serve as reservoirs. Some mechanisms leading to long-term maintenance in vertebrate hosts have been well described but only for a few Babesia species. Recent studies have explored tickpathogen interactions, but few have focused on babesia-tick interactions and none has examined babesia gene expression in its vector hosts. The evolution of new strains (or even species) of babesia will depend both on the tick vector meeting a new host and on the capacity of Babesia sp. to develop in this new host. These Babesia species will exhibit different selective patterns depending on the biological characteristics of the tick (length of the life cycle, specificity). A comparative analysis of gene evolution in Babesia spp. and its tick vector should provide a key to understanding babesia-host interactions in different ecosystems. [42] Gaffar F.R., Franssen F.F., de Vries E., Babesia bovis merozoites invade human ovine, equine, porcine and caprine erythrocytes by a sialic acid-dependent mechanism followed by developmental arrest after a single round of cell fission, Int. J. Parasitol. (2003) 33:1595-1603.
